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Hepatitis C virus (HCV) is a positive-stranded RNA virus that has been identified as the agent responsible for the vast majority of cases on transfusion-associated and communityacquired non-A, non-B hepatitis (8, 20) . Although generally asymptomatic, about 85% of the infections become chronic. Persistent HCV infection may be associated with a wide spectrum of outcomes, from mild nonprogressive liver damage to severe chronic hepatitis that progresses to cirrhosis, end-stage liver disease, and hepatocellular carcinoma. Several studies have tried to elucidate the viral characteristics involved in the progression of the disease; the infecting genotype, the degree of viral diversity, and the viral load have all been suggested to correlate with disease activity, degree of liver damage, and response to alpha interferon treatment, but the results of different studies are confusing and controversial (3, 15, 19, 23, (25) (26) (27) (28) . Because it has been established that viral load is relatively stable in the chronic phase of the infection, of these parameters, viral load seems to be more useful for the tailoring of treatment schedules and the monitoring of HCV replication during therapy. The detection and quantitation of HCV RNA in serum requires highly specific and sensitive assays because HCV circulates in the blood at a low copy number and its genome is extremely heterogeneous (24) , even though the virus titer covers a wide range (from undetectable values to more than 10 7 copies/ml). Many efforts have been made to precisely quantify the viral load in HCV-infected patients. To date, methods involve amplification procedures either based on branched-DNA (bDNA) methodology, in which a signal previously hybridized with the template sequence is amplified (1, 33) , or based on reverse transcription-PCR (RT-PCR) methods, which directly amplify viral genome sequences (10, 12, 13, 31, 34, 35) . Quantitative PCR methods, either competitive or noncompetitive, measure viral load as the amount of amplified product at the end of the reaction. Results are subject, as a consequence, to the errors caused by the plateauing effect that occurs when the reagents are used up (29) . Moreover, because target amplification by PCR is exponential in nature, a very small change in the amplification efficiency can produce dramatic differences in the amount of final product. To avoid these problems, quantitative PCR assays should be designed so that product quantity is analyzed during the logarithmic phase of the reaction, before the plateau, and should ideally include internal controls that coamplify with the same efficiency as the target molecule (9, 11) . These requirements imply time-consuming post-PCR manipulations that can lead to PCR product carryover contamination, laboratory contamination, high costs for infrastructure, and, therefore, limitations in the screening of large number of samples.
Here we describe a rapid and reproducible method that allows the quantitation of HCV RNA copies in serum samples by using the ABI Prism 7700 real-time sequence detection system (14, 16, 21) . We have optimized a single-tube RT-PCR to quantify the 5Ј noncoding region (5Ј NCR) of HCV that contains a dual-labeled fluorogenic probe (2, 22) . The use of such a probe combined with the 5Ј-3Ј nuclease activity of Taq polymerase allows direct detection of the PCR product by detection of a fluorescent reporter released in the course of the PCR. HCV RNA quantitation by our real-time RT-PCR protocol determines the initial copy number in samples with unknown quantities by comparing the results for the samples to those on a curve generated from a standard with a previously known starting quantity.
MATERIALS AND METHODS
Clinical specimens. Blood samples were obtained from 79 anti-HCV-positive patients (Table 1) . Seventy-four patients were HCV RNA positive by a commercial quantitative HCV RNA test with a detection limit of 10 2 copies/ml (Amplicor HCV-RNA; Roche Molecular Systems) and five were negative. Twentyseven patients had persistently normal alanine aminotransferase values. All blood samples were drawn into VACUTAINER tubes with no additives (especially, no heparin) (Becton & Dickinson, Meylan, France) containing a silicone separator and centrifuged within 2 h of collection to avoid any sign of hemolysis, and the serum was aliquoted and kept at Ϫ80°C until further testing. Viral RNA was extracted from 140 l of each serum sample by the QIAamp viral RNA purification protocol (Qiagen) and was dissolved in 50 l of RNase-free water. RNAs were stored at Ϫ80°C until use. All samples were genotyped by the Inno-Lipa HCV II test (Innogenetics, Zwijnaarde, Belgium) according to the manufacturer's protocol ( Table 1 ). The branched-DNA (bDNA) assay was performed as recommended by the manufacturer (Quantiplex; Chiron Corp., Emeryville, Calif.). The design and principles of the bDNA assay are as follows. In brief, HCV RNA is captured by a set of specific, synthetic oligonucleotide target probes. A second set of target probes hybridizes to the viral RNA and bDNA amplifiers. Multiple copies of an alkaline phosphatase-conjugated probe are then hybridized to this immobilized complex to amplify the signal. Detection is achieved by incubating the complex with a chemoluminescent substrate (33) . Samples were also tested by a quantitative RT-PCR technique (Superquant assay) developed by the National Genetics Institute (NGI) (Culver City, Calif.), as described elsewhere (30) . In brief, the extracted RNA is converted into cDNA and is used as a template for four separate PCR amplifications, each of which is stopped after a different number of cycles to avoid plateauing effects. A digoxigenin-labeled probe is used to find the target DNA by agarose gel electrophoresis. The DNA fragments are then vacuum transferred to Southern blots and are immunostained. Standard curves are constructed from DNA fragments with known copy numbers.
Real-time quantitative RT-PCR. A single-tube RT-PCR was optimized for the quantitation of the 5Ј NCR of HCV by using the Taqman technology (Roche Molecular Diagnostics Systems), which exploits the 5Ј-3Ј nucleolytic activity of AmpliTaq DNA polymerase first described by Holland et al. (17) . Briefly, the method uses a dual-labeled fluorogenic hybridization probe that specifically anneals the template between the PCR primers. The probe contains a fluorescent reporter ) at the 5Ј end and a fluorescent quencher (6-carboxytetramethylrhodamine [TAMRA]) at the 3Ј end. When the probe is intact the emission spectrum of the reporter is suppressed by the quencher. The nuclease degradation of the hybridization probe releases the reporter, resulting in an increase in fluorescence emission. The use of a sequence detector (ABI Prism 7700) allows measurement of the amplified product in direct proportion to the increase in fluorescence emission continuously during the PCR amplification. The amplification plot is examined early in the reaction ( Fig. 1) , at a point that represents the logarithmic phase of product accumulation. The point representing the detection threshold of the increase in the fluorescent signal associated with the exponential growth of the PCR product for the sequence detector is defined as the cycle threshold (C T ). C T values are predictive of the quantity of input target (16) ; that is, when the conditions of the PCR are the same, the larger the starting concentration of a template, the lower the C T .
The (Fig. 2) . We used the program PrimerExpress (Perkin-Elmer) to design the primers and probes, following the guidelines for the best performance of the PCR. From among all the possibilities, we have selected the set that fits with the consensus sequences of published HCV 5Ј NCR and core sequences (6, 32) .
Precautions were undertaken to minimize the risk of PCR contamination: two Oligonucleotide primers C149 and C342 were used for amplification by RT-PCR. Primers C24 and C339 were hybridized to the RNA transcript to assess its integrity. FT275 is the dual-labeled probe. R, reporter; Q, quencher; nt, nucleotides. separate rooms, one for HCV RNA extraction and PCR mixture setup and the other for the PCR, were used. Moreover, the amplified product was never reused, and the tube containing it was never opened and was immediately thrown away.
Synthesis and quantitation of a standard RNA. Absolute precision in the quantification of HCV RNA in samples containing unknown quantities relies definitely on the accuracy with which the amount of HCV RNA standard has been measured. An RNA standard representing the 5Ј NCR of HCV was synthesized in vitro, and the purified transcript was quantitated by isotopic tracing (18) . This is a reliable method and has been used to quantify the primary reference standard, but because labeled RNA is unstable over time, we have used the hot standard as a reference to quantify a second stable (nonisotopically labeled) reference standard that can be remade periodically as needed. Four micrograms of a plasmid containing the first half of the HCV genome (genotype 1b) was linearized with AatII, and two in vitro transcriptions, one with [␣- 32 P]GTP and the other with no isotopic label, were carried out in parallel. The RNA transcripts were subjected to three successive steps of purification: DNase I degradation, phenol extraction, and CF11 cellulose chromatography to eliminate DNA and the unincorporated nucleotides, followed by polyacrylamide gel electrophoresis to separate the complete RNA transcript from the unfinished transcription fragments and other minor forms. Both labeled and unlabeled RNAs were run in parallel, and bands were eluted from the acrylamide gel. All reactions were done in siliconized-glass tubes with tRNA as a carrier. The amount of isotopically labeled RNA transcript was measured in a scintillation counter, and the amount of RNA synthesized was calculated from the known incorporation percentage, as follows: N ϫ counts per minute incorporated/total counts per minute, where N is the quantity of deoxynucleoside triphosphates (in micrograms) included in the reaction mixture. The following assumptions are made in the calculation: the synthesized RNA contains equimolar amounts of all four ribonucleotides, the average molecular weight of a nucleotide is 325, and the contribution of [␣-
32 P]GTP is negligible. Although the amounts of all four ribonucleotides are not the same, the molecular weight of the RNA synthesized was only 0.2% lower than the estimated molecular weight. Serial dilutions (10 7 to 10 3 ) of the labeled RNA transcript were used as standards to quantify by our RT-PCR protocol the HCV RNA in two dilutions containing unknown quantities of the nonlabeled transcript.
The integrity of the synthesized transcripts, both labeled and nonlabeled, was verified by migration by gel electrophoresis. Two oligonucleotides (C24 [5Ј-GG GAGTGATCTATGGTGGAG-3Ј] and C339 [5Ј-GAGGATCCGGTTTAGGA TTCGTGCTCATGGT-3Ј]) that are known to hybridize efficiently and specifically with the flanking regions of the amplified fragment (23) were labeled at the 5Ј end with [␥-32 ] ATP and were used to analyze the unlabeled RNA transcript. After the annealing reactions, hybrids were subsequently electrophoresed under nondenaturing gel conditions in parallel with an aliquot of the labeled transcript.
Statistical analysis. The standard curve was created automatically by the ABI Prism 7700 detection system by plotting the C T against each standard dilution of known concentration. The coefficient of linear regression (R) for each standard curve was calculated. The intra-assay and interassay coefficients of variation (CVs) of the technique were calculated for the C T of each standard within runs and between runs, respectively. The CV was obtained by dividing the standard deviation of each standard C T by its mean and dividing that result by 100.
Quantitation results obtained by real-time RT-PCR, the bDNA assay, and the NGI assay were expressed as log 10 HCV RNA copies per milliliter of serum. To compare the results obtained by these methods, the Kolmogorov-Smirnov normality test, Spearman's correlation, and the Mann-Whitney test for comparison of means were performed. Significant differences were considered when the P value was Ͻ0.05.
RESULTS
The concentration of HCV RNA in the first reference standard was calculated from its specific activity measured on a scintillation counter. The number of RNA molecules synthesized was 10 9 copies per l. Then, real-time RT-PCR amplifications were performed with 1:10 serial dilutions (from 10 7 to 10 3 copies of RNA per reaction mixture). Two dilutions of the nonlabeled HCV RNA (unknown quantity) were also amplified in parallel reactions. Figure 3 presents the C T values plotted versus the sample dilution values to produce a standard curve. With the knowledge of the C T values for the samples containing unknown quantities of HCV RNA, the standard curve is then used to interpolate the starting RNA concentration. As expected, the number of nonlabeled RNA molecules that were synthesized was very similar to the number of labeled RNA molecules that were synthesized, that is, 1.5 ϫ 10 9 copies per l. In order to prove that this nonlabeled HCV RNA had the correct size and showed no degradation, it was hybridized with two labeled oligonucleotides (C24 and C339 in Fig. 2 ) corresponding to the flanking regions of the amplified fragment. Autoradiography (Fig. 4) shows a unique band of the same size obtained by hybridization with one oligonucleotide, the other oligonucleotide, and both oligonucleotides, and the sizes of the bands coincide with the size of the first labeled HCV RNA. Moreover, no intermediate bands of degradation products were detected. Finally, serial 10-fold dilutions of this RNA (from 10 3 to 10 7 copies of RNA per reaction mixture) were used to generate a standard curve to quantify the RNA from serum samples from HCV-infected patients. The standard curve that was generated spans 5 logs; it shows linearity over the entire quantitation range and provides accurate measurements over a very large range of starting target quantities. No differences in the quantitation results were obtained for diluted standard RNA that was added to and then extracted from a non-HCV-infected serum sample.
The reproducibility of the method was established with the C T values obtained for each dilution (10 3 to 10 7 ) of the standard curve in different assays and within an assay: the intraassay and interassay CVs of the threshold cycle were 1 and 6.2%, respectively, on average. The average between-run correlation coefficient of the standard curve was 0.98.
The RT-PCR protocol was then applied to RNA extracted from serum samples from 79 HCV-positive patients. The HCV RNA titer ranged between 3.3 ϫ 10 2 and 4 ϫ 10 7 copies/ml when the results were compared to those for our HCV RNA standard. We then compared our results with those obtained by the currently used HCV quantification methods, the bDNA and NGI assays. The correlations were statistically significant (Fig. 5) . The best correlation index was that shown with the ABI Prism 7700 and NGI assays; not only in terms of total numbers of patients but also in terms of groups of different genotypes (P Ͻ 0.001 for genotypes 1 and 3 and P Ͻ 0.05 for genotypes 2 and 4) ( Table 2 ). When the results obtained for groups of different genotypes are compared between the ABI Prism 7700 and bDNA assays, there was a significant correlation between genotypes 1 and 3 (P Ͻ 0.001 and P Ͻ 0.05, respectively), but the correlation disappeared between genotypes 2 and 4 ( Table 2 ). The mean values of the results obtained with the ABI Prism 7700, Quantiplex, and NGI Superquant assays were statistically comparable; differences in log 10 HCV RNA quantitation in terms of both total numbers of patients and groups of different genotypes were not significant ( Fig. 6A and B) .
DISCUSSION
Most commercial or in-house HCV RNA quantitation methods based on PCR measure the amount of amplified product at the end of the reaction. At any given cycle within the exponential phase of PCR, the amount of product is proportional to the initial number of template copies. However, this correlation tends to be lost as the rate of amplification approaches a plateau. In contrast, the real-time RT-PCR protocol proposed in this study for the quantification of HCV RNA from serum samples provides accurate knowledge of the increment of the amplification product in every cycle through the increment of released fluorescence. Analysis is performed in real time during the exponential phase. This allows many samples to be analyzed simultaneously and eliminates the need to be concerned that a reaction plateau will be reached at different cycles.
Methods for HCV RNA quantitation must be specific, sensitive, reproducible, and accurate, and the analysis of large There is only no correlation between the ABI Prism 7700 assay and the bDNA assay and between the ABI Prism 7700 assay and the NGI method for two and three samples, respectively, all of which contained genotype 1 virus. The analytical sensitivity of our method, i.e., the smallest amount of HCV RNA tested and reliably quantified, is 1,000 copies/reaction mixture. In practice, however, we have detected up to 3.3 ϫ 10 2 copies/ml, because the linearity of our standard curve permits us to interpolate values located below the lower limit of the dynamic range (1 ϫ 10 3 copies/ml). On the other hand, the system can quantify the HCV RNA in samples with more than 10 7 copies/reaction mixture. This degree of sensitivity along with a considerably wide dynamic range allows the use of a single method for the detection of the wide range of loads found with HCV.
As far as specificity is concerned, the fluorescence signal due to the cleavage of the Taqman fluorogenic probe is generated only if the target sequence for the probe is amplified by the PCR. Therefore, no signal is generated by nonspecific amplification. On the other hand, the virtual absence of post-PCR manipulation prevents the carryover of amplification products that were synthesized during previous PCRs.
The real-time RT-PCR method for the quantification of HCV RNA was highly reproducible. Triplicate amplifications for each standard dilution were performed in each assay and were used to calculate the intra-assay CV of C T . Also, fluorescent C T values obtained on the different days on which the assays were performed were used to calculate the CV interassay CV. Both CVs were especially low, 1% for the intra-assay CV and 6.2% for the interassay CV. The use of an argon laser as a light source that excites the fluorogenic dyes that act as direct indicators of the amplification introduces minimal variation into the quantitative PCR analysis and contributes to the low degree of variability observed in the results.
The accuracy of the method is supported by comparison of the results with those obtained with an HCV RNA standard previously quantified by isotopic tracing, which is absolute and which is based on physical properties. Nevertheless, we cannot underestimate the variability within serum samples and the RNA standard with regard to the efficiency of amplification. To date, our system does not allow the simultaneous detection of distinguishable reporter dyes that could be used as internal controls that coamplify with our target sequence. Use of such internal controls could allow us to overcome the problem of sample impurities that affect the efficiency of PCR. In contrast, an advantage of our detection system is that the amplification plot is examined early in the reaction (C T ). In this sense, we avoid discrepancies due to inhibition late in the cycle.
Comparison of the results obtained by the ABI PRISM 7700 RT-PCR protocol with those obtained by other commercially available techniques (the bDNA and NGI assays) showed a good correlation, although the RT-PCR protocol tended to underestimate the viral load in samples from patients infected with genotypes 2 and 4 by a mean of only 0.2 logs (Table 2) . Mutation within the 5Ј NCR may affect the secondary and tertiary structures of the RNA and thus the stability and the accessibility of the 3Ј primers to the HCV RNA. In fact, internal ribosome entry site activities have been shown to be different among distinct genotypes in vitro and in cell culture (7) . Also, differences between the length of the viral RNA compared with that of the standard transcript may be important because long-distance tertiary interactions have been described in other RNAs (4, 5) .
Our method has several advantages over the other methods: its dynamic range is much wider than that of Quantiplex 2.0 and it is much less cumbersome than Superquant. The costs associated with the use of this system are the cost of the PCR plus the cost of the Taqman probes, but the high throughput of the system compensates for these costs and allows processing of multiple samples with minimal labor time and without a risk of carryover contamination due to post-PCR sample manipulation. The ABI Prism 7700 quantitation methodology is used in our laboratory to follow the kinetics of the decrease in viral load in patients treated with alpha interferon, as well as in comparative studies of viral load in serial samples from serum and liver.
